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Abstract: There is considerable interest recently in by-products for application in green buildings.
These materials are widely used as building envelope insulators or blocks. In this study, an
experimental study was conducted to test stranded driftwood residues as raw material for possible
thermo-acoustic insulation panel and environmentally sustainable brick. The thermal and acoustic
characteristics of such a natural by-product were examined. Part of samples were mineralized by
means of cement-based additive to reinforce the material and enhance its durability as well as fire
resistance. Several mixtures with different sizes of ground wood chips and different quantities of
cement were investigated. The thermo-acoustic in-lab characterization was aimed at investigating
the thermal conductivity, thermal diffusivity, volumetric specific heat, and acoustic transmission loss.
All samples were tested before and after mineralization. Results from this study indicate that it is
possible to use stranded driftwood residues as building materials with competitive thermo-acoustic
properties. In fact, the thermal conductivity was shown to be always around 0.07 W/mK in the
unbound samples, and around double that value for the mineralized samples, which present a much
higher volumetric specific heat (1.6 MJ/m3K) and transmission loss capability. The lignin powder
showed a sort of intermediate behavior between the unbound and the mineralized samples.
Keywords: biomass; stranded driftwood residues; building envelope; thermal and acoustical
properties; bio-based composite; energy efficiency in buildings; environmental sustainability
1. Introduction
1.1. The Challenge of Biomass Resources
Today, in both developing and developed countries, the building sector is responsible for a
remarkable part of energy consumption and greenhouse gas emissions [1,2]. This fact illustrates the
importance of applying energy-saving strategies in buildings’ life cycle, from their construction to
their disposal, in order to operate more efficiently [3–7]. Consequently, in recent years, there has been
a renewed global interest in biomass energy sources as a substitute for petroleum-based resources
and fossil fuels to meet the heating and cooling energy demands of buildings [8–10]. Therefore,
the increasing use of biomass in the European countries can contribute towards the achievement
of the Europe 2020 target of 20% final energy consumption from renewable sources [11]. Besides,
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applications of biomass wastes, residues and by-products which can potentially be used as sustainable
and environmental friendly materials are increasingly gaining attention in the building industry to
mitigate the environmental impacts associated with the built environment [3–5]. Several studies in
the literature have demonstrated the wide range of natural resources and biomass applications such
as burning wood for heating purposes, or even growing genetically modified microbes to produce
cellulosic ethanol [12–15]. Likewise, several experimental studies have been conducted to identify and
analyze the potential use of biomass as building material components [16–19].
The Italian Ministry of the Environment has promoted various innovative strategies for
encouraging the application of: (i) energy efficient practices and (ii) renewable energy sources. In this
context, some studies have focused on recovering natural materials from wetlands or dragged on
the beaches of seas, lakes and rivers in order to investigate the possibility of recycling and reusing
these biomasses [20,21]. Italy is a long peninsula alongside surrounded by seas and therefore it has a
large coastline, i.e., about 7600 km [22,23]. Hence, the government and the related municipalities put a
huge amount of economic and energy-environmental effort into collecting and disposing of driftwood
residues deposited on the seashores by the tide. Just considering the shoreline management in the
northern and central coastal zones, it is estimated that the management and collection of stranded
driftwood residues costs annually more than 7 million Euro [23]. Consequently, exploitation of tons
of biomass driftwood on the seashores not only represents a sustainable waste management solution
which could even be a source of revenue for municipalities, but also it could provide clean-burning
biofuels or building material resources. Additionally, such by-products could be valorized for both
economic and environmental energy saving purposes in buildings, even in developing countries and
emergency architectures, given the relatively simple industrialization process proposed in this work.
Accordingly, the work in hand focuses on the reprocessing of driftwood found on beaches in Italy as
local biomass wastes and residues for producing green building envelopes.
1.2. Biomass Materials in Building Construction
In the past few years, along with the growing worldwide environmental awareness for sustainable
and eco-friendly development, many scholars have emphasized the need for using appropriate
materials from renewable sources to optimize building energy performance. Generally speaking, in
the context of energy-efficient buildings, enhancing the insulation properties of building envelopes is
one of the fundamental strategies to reduce energy usage [10,16,24,25]. Due to both summer cooling
and winter heating needs, the thermal characteristics and performance of external walls play a key
role in creating a comfortable indoor climate. In addition to thermal properties, the acoustical demand
of buildings, including sound absorption and sound insulation, is of great importance in order to
reduce the impact of urban noise [8,26]. The thermal and acoustic properties of biomass materials
have been widely studied recently [27,28]. Asdrubali et al. [16] reported on the various types of
unconventional sustainable insulation materials, including natural and recycled ones, in order to
emphasize the environmental advantages of using these materials. Additionally, Asdrubali et al. [29]
carried out an experimental study to investigate both the thermal and acoustic performances of
innovative bio-based panels made from common reed. Likewise, in a study by Schiavoni et al. a
holistic comparative analysis has been done to highlight the strengths and weaknesses of the main
commercialized insulation materials, including both conventional and unconventional products [24].
Recycled by-products are mostly used as a natural component of a sustainable kind of lightweight
concrete (LWC) with suitable mechanical properties and higher insulation characteristics [30]. They
can be used as insulation panels by adding cement as additive to bond wood chips together. Several
studies have examined the effect of different bio-based materials such as hemp fibers [31], coconut shell
of babaçu [32], rice straw and wood particles [33] on cement composites. Among all these biomass
materials, many researchers have been focusing on the possibility of reusing wood by-products in
building construction. Wood-cement board has been known for more than 100 years as one of the most
popular materials in the United States and Europe for housing construction and assembly. A series
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of advantages for building applications such as dimensional stability, resistance to environmental
conditions, i.e., moisture or temperature, fast, and low-cost production processes, etc. makes
these wood-cement composites (WC) interesting to a large extent in the building industry [34].
In 1999, Al Rim et al. studied the effect of different wood proportions on the thermal and mechanical
performance of clay-cement-wood composites [35]. Likewise, in an experimental study by Taoukil et al.
the effect of moisture content on the thermal conductivity and diffusivity of wood-concrete composites
was investigated [36]. Moreover, different kinds of cement bonded panels with high insulating
capability made of wood particles have already been studied. Okino et al. [37] assessed the mechanical
properties and natural decay of several specimens of wood cement-bonded particleboard by using
six eucalypts species and two clones of rubberwood with different ratio of wood, cement and water.
Similarly, Belhadj et al. (2014) in an experimental study in Algeria, demonstrated the improvement
of thermal performance and physico-mechanical properties of lightweight sand concrete by the
incorporation of barley straws and wood shavings as a local material in an arid zone [38]. Quiroga et al.
conducted an experimental study on Populus euroamericana from subtropical forests of Argentina
to investigate how wood treatment affects the mechanical properties of wood-cement composites
intended for use as building materials [34]. Indeed, it has been proven by many studies that these
kinds of bio-based products could be applied as sustainable and innovative alternatives to improve
buildings’ thermal and acoustic performance, while minimizing indoor energy requirements and the
cost of materials.
According to the literature, there is still a substantial need to explore the feasibility of applying
different kinds of bio-based materials, ranging from wood residues to Sansevieria fiber, as sustainable
alternative building materials. Nevertheless, the use of such natural wastes could lead to a considerable
minimization of the materials cost and environmental impact of the construction sector. Additionally,
it could be also a much valuable income source for local governments.
In fact, the collection of such biomass and its re-use as a sustainable and high-performance
building material could help governments and local municipalities reduce the current costs for
collection and disposal of driftwood residues, that must be removed anyway for the maintenance of
public beaches.
Moreover, the environmental impact of such innovative materials is very low, since the stranded
driftwood residues are natural materials typically left on the beaches after coastal storms which
currently constitute a waste to be disposed. Therefore, reusing them as brick or thermal-acoustic
insulation for buildings and sustainable construction applications could lead to a significant reduction
of the CO2 emissions now generated by the burning of such wastes. On the other hand, the usage of
such natural material could decrease the quantity of cement typically needed in conventional building
concrete-base blocks and structures.
Accordingly, the purpose of this study is to determine possible applications of stranded driftwood
residues for building envelopes. Hence, this study contributes towards our understanding of the
thermal and acoustic performances of the selected material in order to define the best performing mix
design for large scale application purposes.
2. Materials and Methods
2.1. Materials and Sample Preparation
The stranded driftwood residues used in this study were collected in three different locations on
the Italian coast, i.e., Marinella di Sarzana, Jesolo and San Benedetto del Tronto, during 2014 and 2015
(Figure 1a,b).
The material was then stored in a cool, dry place, away from sunlight to prevent mold growth
and photochemical reactions, and a part of it underwent a physico-chemical characterization, which
showed that about 86% of the total amount collected on the seaside had suitable characteristics
to be used as building materials (Table 1). Moisture, ash, and volatile contents were determined
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according to UNI EN 15148 [39] and UNI EN 14775 [40] using a TGA-701 Thermogravimetric Analyzer
(LECO Corporation, St Joseph, MI, USA). The ultimate analysis (C, H, N) was performed according
to UNI EN 15104 [41], using a LECO Truspec CHN analyzer, whose operation is based on a thermal
conductivity method. The net calorific value analysis was carried out according to UNI EN 14918 [42]
employing an isoperibolic calorimeter (mod. LECO AC350). The device gives a gross calorific value
of the sample; then the net value is obtained by calculation, from moisture and hydrogen content of
the sample. In order to quantify the sand content, the wood fraction was separated from the sand by
wet sieving with a 2 mm sieve. Then, the organic fraction was completely separated from the sand by
oxidation of the undersize fraction with H2O2 (30 m/m in water) [43]. Finally, the residue was washed
in running water, dried at 105 ˝C and finally weighed.
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Table 1. Physico-chemical characteristics of the biomass [39–43]. 
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D  
 
Diameter (cm) >4 1.5 < d < 4 0.5 < d < 1.5 d < 0.5 
Mass fraction (%) 46 40 8 6 
Moisture content (%) 36.0 45.8 50.4 56.6 
Salinity (%) 0.7 0.6 3.7 7.4 
Total salts content (g/kg ar) 1.8 15.2 13.1 12.0 
Ash content (% ar) 2.7 2.7 2.5 4.3 
Ash content (% db) 4.2 5.0 5.0 10.0 
Volatile content (% ar) 57.1 41.7 42.0 34.7 
Volatile content (% db) 89.2 76.9 84.6 79.9 
Carbon content (% ar) 30.1 25.3 23.3 19.1 
Carbon content (% db) 47.1 46.6 47.0 43.9 
Hydrogen content (% ar) 6.8 7.8 8.1 8.5 
Hydrogen content (% db) 4.4 4.9 5.0 4.9 
Nitrogen content (% ar) 0.4 0.7 0.4 0.4 
Nitrogen content (% db) 0.7 1.3 0.8 1.0 
Higher Heating Value (MJ/kg ar) 12.1 10.0 9.2 8.3 
Higher Heating Value (MJ/kg db) 18.9 18.5 18.6 19.2 
Lower Heating Value (MJ/kg ar) 11.3 9.0 8.1 7.0 
Lower Heating Value (MJ/kg db) 18.0 17.5 17.6 18.2 
Notes: “ar” means “as-received”, “db” means “dry base”. The percentage values (%) refer to the mass 
fraction w/w.  
Once the physico-chemical characteristics of the driftwood residues were defined, the remaining 
material was used to produce mineralized building blocks of a cylindrical shape, with a diameter of 
100 mm and a total thickness of about 8 mm. Before producing such samples, a pre-treatment process 
of the stranded driftwood residues had to be undertaken. 
Figure 1. (a) Stranded driftwood residues; (b) The study area.
Table 1. Physico-chemical characteristics of the biomass [39–43].
Driftwood Samples A B C D
Energies 2016, 9, 619 4 of 19 
 
employing an isoperibolic calorimeter (mod. LECO AC350). The device gives a gross calorific value 
of the sample; then the net value is obtained by calculation, from moisture and hydrogen content of 
the sample. In order to quantify the sand content, the wood fraction was separated from the sand by 
wet sieving with a 2 mm sieve. Then, the organic fraction was completely separated from the sand 
by oxidation of the undersize fraction with H2O2 (30 m/m in water) [43]. Finally, the residue was 
washed in running water, dried at 105 °C and finally weighed. 
 
Figure 1. (a) Stranded driftwood residues; (b) The study area. 
Table 1. Physico-chemical characteristics of the biomass [39–43]. 
Driftwood Samples 
  
 
B  
 
C  
 
D  
 
Diameter (cm) >4 1.5 < d < 4 0.5 < d < 1.5 d < 0.5 
Mass fraction (%) 46 40 8 6 
Moisture content (%) 36.0 45.8 50.4 56.6 
Salinity (%) 0.7 0.6 3.7 7.4 
Total salts content (g/kg ar) 1.8 15.2 13.1 12.0 
Ash conte (% ar) 2.7 2.7 2.5 4.3 
Ash content (% db) 4.2 5.0 5.0 10.0 
Volatile content (% ar) 57.1 41.7 42.0 34.7 
Volatile content (% db) 89.2 76.9 84.6 79.9 
Carbon content (% ar) 30.1 25.3 23.3 19.1 
Carbon content (% db) 47.1 46.6 47.0 43.9 
Hydroge  co ent (% ar) 6.8 7.8 8.1 8.5 
Hydrogen content (% db) 4.4 4.9 5.0 4.9 
Nitrogen content (% ar) 0.4 0.7 0.4 0.4 
Nitrogen content (% db) 0.7 1.3 0.8 1.0 
Higher Heating Value (MJ/kg ar) 12.1 10.0 9.2 8.3 
Higher Heating Value (MJ/kg db) 18.9 18.5 18.6 19.2 
Lower Heating Value (MJ/kg ar) 11.3 9.0 8.1 7.0 
Lower Heating Value (MJ/kg db) 18.0 17.5 17.6 18.2 
Notes: “ar” means “as-received”, “db” means “dry base”. The percentage values (%) refer to the mass 
fraction w/w.  
Once the physico-chemical characteristics of the driftwood residues were defined, the remaining 
material was used to produce mineralized building blocks of a cylindrical shape, with a diameter of 
100 mm and a total thickness of about 8 mm. Before producing such samples, a pre-treatment process 
of the stranded driftwood residues had to be undertaken. 
Energies 20 6, 9, 619 4 of 19 
 
employing an isoperibolic calorimeter (mod. LE O AC350). The device gives a gross calorific value 
of the sample; t  the net value is obtained by calculati n, from moisture and hydrogen content of 
the sample. In order to quantify the sa d content, the wood fraction was separated from the sand by 
wet sieving with a 2 mm siev . T en, the organic fraction was completely separated from the sand 
by oxidation of the undersize fraction with H2O2 (30 m/m in water) [43]. Finally, the r sidue was 
washed i  running water, dried at 105 °C and finally weighed. 
 
Figure 1. (a) Stranded driftwoo  residues; (b) The study area. 
Table 1. Physico- hemical characteristics of the biomass [39–43]. 
Driftwood Samples 
A  
 
  
 
C  
 
D  
 
Dia eter (cm) >4 1.5 < d < 4 0.5 < d < 1.5 d < 0.5 
Mass fraction (%) 46 40 8 6 
Moistur  content (%) 36.0 45.8 50.4 56.6 
Salinity (%) 0.7 0.6 3.7 7.4 
To al sal s content (g/kg ar) 1.8 15.2 13.1 12.0 
Ash content (% ar) 2.7 2.7 2.5 4.3 
Ash content (% db) 4.2 5.0 5.0 10.0 
Volatil  content (% ar) 57.1 41.7 42.0 34.7 
Volatil  content (% db) 89.2 76.9 84.6 79.9 
Carbon content (% ar) 30.1 25.3 23.3 19.1 
Carbon content (% db) 47.1 46.6 47.0 43.9 
Hydrogen content (% ar) 6.8 7.8 8.1 8.5 
Hydrogen content (% db) 4.4 4.9 5.0 4.9 
Nitrogen content (% ar) 0.4 0.7 0.4 0.4 
Nitrogen content (% db) 0.7 1.3 0.8 1.0 
Higher Heating Value (MJ/kg ar) 12.1 10.0 9.2 8.3 
Higher Heating Value (MJ/kg db) 18.9 18.5 18.6 19.2 
Lower Heating Value (MJ/kg ar) 11.3 9.0 8.1 7.0 
Lower Heating Value (MJ/kg db) 18.0 17.5 17.6 18.2 
Notes: “ar” means “as-received , “db” means “dry bas ”. Th  percentag  values (%) refer to the mass 
fraction w/w.  
Once the physico-chemical haracteristics of the driftwoo  r idues were defin d, the remaining 
material was used to produc  min ralized building bl cks of a cylindrical shape, with a diameter of 
100 mm and a total thickness of about 8 mm. Before producing uch samples, a pre-trea ment process 
of the stranded driftwoo  r idues had to be und rtaken. 
Energies 201 , , 619 4 of 19 
 
employing an isoper bolic calorimeter (mod. LECO AC350). The d vice gives  g oss c orific value 
of the sample; then the net value is obtained by calculation, from moisture and hydrogen content of 
the sample. In order to quantify the sa d content, the wood fraction was separa ed from the sand by 
wet s eving with a 2 mm sieve. Then, the organic fr cti n was comp etely separated from the sand 
by oxidati n of the undersize fraction with H2O2 (30 m/m in water) [43]. Finally, the re idue was 
washed in ru ning wate , ried at 105 °C and f nally weighed. 
 
Figu e 1. (a) Stran ed driftwood residue ; (b) Th  study area. 
Table 1. Physico-chemical characteristics of the biomass [39–43]. 
Driftwood Samples 
A  
 
B  
 
  
 
D  
 
Diameter (cm) >4 1.5 < d < 4 0.5 < d < 1.5 d < 0.5 
Mass fraction (%) 46 40 8 6 
Moisture content (%) 36.0 45.8 50.4 56.6 
Salinity (%) 0.7 0.6 3.7 7.4 
T tal salts content (g/kg ar) 1.8 15.2 13.1 12.0 
Ash content (% ar) 2.7 2.7 2.5 4.3 
Ash content (% db) 4.2 5.0 5.0 10.0 
Volatile content (% ar) 57.1 41.7 42.0 34.7 
Volatile content (% db) 89.2 76.9 84.6 79.9 
Carb  content (% ar) 30.1 25.3 23.3 19.1 
Carb  content (% db) 47.1 46.6 47.0 43.9 
Hydroge  content (% ar) 6.8 7.8 8.1 8.5 
Hydroge  content (% db) 4.4 4.9 5.0 4.9 
Nitroge  content (% ar) 0.4 0.7 0.4 0.4 
Nitroge  content (% db) 0.7 1.3 0.8 1.0 
High r Heating Value (MJ/kg ar) 12.1 10.0 9.2 8.3 
High r Heating Value (MJ/kg db) 18.9 18.5 18.6 19.2 
Low r Heating Value (MJ/kg ar) 11.3 9.0 8.1 7.0 
Low r Heating Value (MJ/kg db) 18.0 17.5 17.6 18.2 
Not s: “ar” m ans “as-received”, “db” me ns “dry base”. The percentage values (%) efer to the mass 
fraction w/w.  
Onc the phys o- emi al characteristics of the iftwood residu s w re d fined, the remaining 
m terial was used t produce minera ized uilding blocks of a cylindrical s ape, with  diameter of 
100 mm nd a total thickness of about 8 mm. B fo e producing such samples, a p - reatment process 
of the st anded riftwood residues had to be u dertaken. 
Energies 2016, 9, 619 4 of 19 
 
employ g an isoper bolic calori eter (mod. LECO AC350). The d vice ive a gross calorific value 
of th  sample; then the net value is obtained by calculat on, from moisture and hydrog  content of 
th  sample. In order o quan ify the sand c ntent, the wood fraction was separated from the sand by 
w t sieving with a 2 mm si ve. Then, the o ganic fraction was compl tely separated from the sand 
by ox da ion of the undersize fraction with H2O2 (30 m/m in water) [43]. Finally, the residue was 
washed  runn ng water, ried at 105 °C and finally weighed. 
 
Figure 1. (a) Stran d riftwood resid es; (b) The study area. 
Table 1. P ysico-ch mic l charac eristic  f the biomass [ 9–43]. 
Driftwood Samples 
A  
 
B  
 
C  
 
  
 
Dia eter (cm) >4 1.5 < d < 4 0.  < d < 1.5 d < 0.5 
Mass fraction (%) 46 40 8 6 
M isture content (%) 36.0 45.8 50.4 56.6 
Salinity (%) 0.7 0.6 3.  7.4 
Total salts content (g/kg ar) 1.8 15.2 13.1 12.0 
Ash content (% ar) 2.7 2.7 2.5 4.3
Ash content (% db) 4.2 5.0 5.0 10.0 
Volatile content (% ar) 57.1 41.7 42.0 34.7 
Volatile content (% db) 89.2 76.9 84.6 79.9 
Carb  content (% ar) 30.1 25.3 23.3 19.1 
Carb  content (% db) 47.1 46.6 47.0 43.9 
Hydroge  content (% ar) 6.8 7.8 8.1 8.5
Hydroge  content (% db) 4.4 4.9 5.0 4.9 
Nitroge content (% ar) 0.4 0.7 0.4 0.4 
Nitroge  content (% db) 0.7 1.3 0.8 1.0 
High r Heating Value (MJ/kg ar) 12.1 10.0 9.2 8.3 
High r Heating Value (MJ/kg db) 18.9 18.5 18.6 19.2 
Low r Heating Value (MJ/kg ar) 11.3 9.0 8.1 7.0 
Low r Heating Value (MJ/kg db) 18.0 17.5 17.6 18.2 
Notes: “ar” means as-receive ”, “db” means “dry base”. The p rcentage values (%) r fer to the mass 
fraction w/w.  
Onc  t e physico-chem cal characteristics o  th  driftwood residu s were d fin d, the remaining 
materi l was s  t  produce mineral zed building blocks of a y indr cal shape, with  diameter of 
100 mm and a total thickness of about 8 mm. B fo e producing such samples, a pre- r atment process 
of the stran ed driftwoo  resi ues had to be undertaken. 
Diameter (cm) >4 1.5 < d < 4 0.5 < d < 1.5 d < 0.5
Mass fraction (%) 46 40 8 6
Moisture conte t (%) 36.0 5.8 56.6
Salinity (%) 0.7 0.6 3.7 7.4
Total salts content (g/kg ar) 1.8 15.2 13.1 12.0
Ash content (% ar) 2.7 2.7 2.5 4.3
Ash content (% db) 4.2 5.0 5.0 10.0
Volatile content (% ar) 57.1 41.7 42.0 34.7
Volatile content (% db) 89.2 76.9 84 6 79.9
Carbon conte t (% ar) 30.1 25.3 23.3 19.1
Carbon content (% db) 47.1 46.6 47.0 43.9
Hydrogen content (% ar) 6.8 7.8 8.1 8.5
Hydrogen content (% db) 4.4 4.9 5.0 4.9
Nitrogen content (% ar) 0.4 0.7 0.4 0.4
Nitrogen content (% db) 0.7 1.3 0 8 1.0
Higher Heating Value (MJ/kg ar) 12.1 10.0 9.2 8.3
Higher Heating Value (MJ/kg db) 18.9 18.5 18.6 19.2
Lower Heating Value (MJ/kg ar) 11.3 9.0 8.1 7.0
Lower Heating Value (MJ/kg db) 18.0 17.5 17.6 18.2
Notes: “a ” means “as-received”, “db” means “dry base”. The percentage values (%) refer to the mass
fraction w/w.
Energies 2016, 9, 619 5 of 20
Once the physico-chemical characteristics of the driftwood residues were defined, the remaining
material was used to produce mineralized building blocks of a cylindrical shape, with a diameter of
100 mm and a total thickness of about 8 mm. Before producing such samples, a pre-treatment process
of the stranded driftwood residues had to be undertaken.
Initially, the materials underwent a hygrometric conditioning procedure in order to remove excess
moisture. For this purpose, the tested material was kept in a climatic chamber for about 48 h at 40 ˝C.
After the drying process, the biomass was chipped to 20–30 mm pieces by means of a wood chip
shredder (Figure 2a). The semi-finished product was then weighed and divided into four portions.
One of them was set aside to be later used as a component of the different design-mixes while the
others were subjected to a second chipping procedure by means of a refining mill (Figure 2b). The
refining step was carried out using three grids with different hole size, i.e., 4, 2 and 1 mm, one for each
of the remaining portions of semi-finished product (Figure 2c). At the end of the stranded biomass
processing, four distinct sizes of the stranded material were obtained, and three different samples of
each material, i.e., 20–30, 4, 2, and 1 mm, were analysed to define their average moisture mass per
weight. The obtained results are shown in Table 2.
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Table 2. Biomass chips characteristics.
Chip Size (mm) Weight (kg) Moisture Mass per Weight (%)
<30 1.232 14.26
<4 1.333 15.68
<2 1.407 21.21
<1 1.348 28.06
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At this stage, the mineralization process was performed and the cylindrical composite prototypes
were developed. In general, mineralization procedure for bio-based products is carried out by means
of a preparation with a lime and/or cement-based material [44]. Accordingly, this study utilized
Portland cement to ensure the cohesion of driftwood particles as a self-sustaining material for building
block manufacture (Figure 3).
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the unbound materials, the four previously produced multiple particle sizes, i.e., <1 mm (sample U1),
<2 mm (sample U2), <4 mm (sample U4), <30 mm (sample U30) were investigated (Figure 4).
In particular, the four tested grain sizes were selected in order to optimize the following mixture
process and to characterize the biomass itself with varying simply the only cuts size. Additionally, the
lignin floury size, having a cut size lower than 0.5 mm (sample U0), was also tested as fifth sample of
the unbound category for comparison purposes.
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In the second category, i.e., mineralized materials, according to different recipes, the bio-based
composites including driftwood residues and Portland cement were prepared (Figure 5). The four
samples of this second category differ only in the percentage, weight, and size of the components,
i.e., Portland cement, wood biomass, and water. The mixing ratios of the components are detailed
in Table 3.Energies 2016, 9, 619 7 of 19 
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where ρ is the density of the sample (kg/m3), Cp is the heat capacity of the sample (J/(kgK)), T is the 
temperature of the sample (K), t is the time of the measurement (s), kin and kthru are the in-plane and 
through-plane thermal conductivities of the sample (W/mK), δ is the Dirac delta function, 'r  is the 
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Table 3. i alized sample compositions of the M series.
Sample
Name
Components
Portland Cement 4.25 Wood Biomass Water
kg % kg % Chip Size (mm) kg %
M1 sample 0.600 67 0.150 17 <4 (U4) 0.150 17
M2 sample 0.600 67
0.075 8 <4 (U4)
0.150 170.0375 4 <2 (U2)
0.0375 4 <1 (U1)
M3 sample 0.60 67 0.15 17 <30 (U30) 0.150 17
M4 sample 0.600 55 0.150 14 <2 (U2) 0.350 32
As shown in the Table 3, the Portland cement inclusion was varied from 55% to 67% by weight
concentration. After the production process and drying phases, it was observed that the M3 sample
had very little damage, while the M2 and the M4 sam les were partially damaged. Meanwhile, the M1
sample performed very well from a mechanical point of view.
2.2. Thermal Characterization
F om a thermal properties point of view, a building insulat on material can be efined in terms of
thermal conductivity (λ) for steady st te and th rmal diffusivity (D) for unsteady state conditio s [26].
Hence i this study, the thermal characterization of the samples was carried out by using the Transient
Plane Source (TPS) technique implement d within a Hot Disk TPS 2500 experimental facility (Hot Di k
AB Compan , Gothenburg, Sw den), which allows one to evaluate both these properties by means of a
single measurement [45,46].
The method uses a sort of metal double spiral as a thermal source (Figure 5a) and thermal probe
at the same tim and, from a theor tical point of view, this spiral consists of a series of concentri and
equally distanced rings. From a theoretical point of view, such a transient method takes into account
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the following heat conduction equation, where the abovementioned radial symmetry of the tested
sample is assumed as given in [47]:
`
ρCp
˘ BT
Bt “ kin
1
r
ˆ B
Br
ˆ
r
BT
Br
˙˙
` kthru B
2T
Bz2 `
ÿ
rings
Qrδpr´ r1qδpzq (1)
where ρ is the density of the sample (kg/m3), Cp is the heat capacity of the sample (J/(kgK)), T is the
temperature of the sample (K), t is the time of the measurement (s), kin and kthru are the in-plane and
through-plane thermal conductivities of the sample (W/mK), δ is the Dirac delta function, r1 is the
radius of one of the ring sources, and Qr is the power supplied to that ring per unit length of the ring
(W/m). The total power for each ring is proportional to the circumference of the ring 2pir1, such that
the total power supplied for all of the rings is Q (W). Such a parameter has to be selected according to
the sample typology and its material properties.
In addition, the specific heat capacity (Cp) of the investigated sample can also be derived by means
of the following equation:
λ “ ρCPk (2)
where ρ is the density, Cp is the specific heat capacity, and k is the thermal diffusivity of the sample.
The measurements were carried out according to the international ISO 22007-2 standard [48].
According to this standard, the probe, i.e., a planar 10 µm thick double nickel spiral, sandwiched
between two thin insulation Kapton-films of 25 µm, is used as both a heat source and a dynamic
temperature sensor. In order to obtain representative values for the highly inhomogeneous compound
materials tested by means of the Hot Disk facility, the sensor with 14.61 mm of radius was used to test
the mineralized samples, while the one with the radius of 29.4 mm was used to analyze the unbound
samples, i.e., the 4922 and the 5599 Kapton sensor, respectively. By using such equipment, it was
possible to obtain thermal values averaged on a huge portion of the samples volume with the accuracy
guaranteed by the absolute TPS measurement method that basically almost annuls the impact of
thermal losses which cannot be neglected when using a more common steady-state method. During
the experimental test, the probe was (i) positioned within the material properly and (ii) sandwiched
between the sample and a common insulation material in order to perform two sided and single sided
measurements, respectively. The measuring instrument is presented in Figure 6.
Energies 2016, 9, 619 8 of 19 
 
t at the t tal power supplied for all of the rings is Q (W). Such a parameter has to be selected 
according to the sample typology and its material properties.  
I  addition, the specific heat capacity (Cp) of the investigated sample can also be erived by 
means of the following equation: 
λ = 𝜌CPk (2) 
where 𝜌 is the density, Cp is the specific heat capacity, and k is the thermal diffusivity of the sample. 
The measurements were carried out according to the international ISO 22007-2 standard [48]. 
According to this standard, the probe, i.e., a planar 10 μm thick double nickel spiral, sandwiched 
between two thin insulation Kapton-films of 25 μm, is used as both a heat source and a dynamic 
temperature sensor. In order to obtain representative values for the highly inhomogeneous 
compound materials tested by means of the Hot Disk facility, the sensor with 14.61 mm of radius was 
used to test the mineralized samples, while the one with the radius of 29.4 mm was used to analyze 
the unbound samples, i.e., the 4922 and the 5599 Kapton sensor, respectively. By using such 
equipment, it was possible to obtain thermal values averaged on a huge portion of the samples 
volume with the accuracy guaranteed by the absolute TPS measurement method that basically almost 
annuls the impact of thermal losses which cannot be neglected when using a more common steady-
state method. During the experimental test, the probe was (i) positioned within the material properly 
and (ii) sandwiched between the sample and a common insulation material in order to perform two 
sided and single sided measurements, respectively. The measuring instrument is presented in Figure 6. 
 
Figure 6. (a) Hot Disk sensor; and (b) Hot Disk facility. 
In this regard, for testing the U-series samples, the properly sized probe was positioned within 
the unified particle materials, meanwhile a cement based cube was used to slightly compress the  
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Figure 6. (a) Hot Disk sensor; and (b) Hot Disk facility.
In this regard, for testing the U-series samples, the properly sized probe was positioned within the
unified particle materials, meanwhile a cement based cube was used to slightly compress the bio-based
product in order to help the thermal probe adhere better to the material (see Figure 7).
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Subsequently, the M-series samples were tested while the probe was sandwiched between
the biomass-based sample on one side and an insulating material on the other side as shown in
Figure 8. It was assumed that the heat only transfers through the biomass-based sample. To ensure
to accuracy and the reliability of the results, each measurement was repeated three times for each
of the considered sample, whilst the average and standard deviation values were calculated and
analyzed correspondingly.
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2.3. Acoustic Characterization
For the acoustic characterization of the samples, the measurements of both sound absorption
and sound insulation were carried out by means of a Brüel & Kjær model 4260 impedance tube
(Brüel & Kjær, Nærum, Denmark). The impedance tube measurements in terms of absorption
coefficient and transmission loss were respectively based upon a two (α) and a four microphones
method (TL) according to the ISO 10534-2 [49]. Both these values were evaluated for the two series of
the samples, i.e., U and M samples. Furthermore, the unbound samples were investigated considering
three different global thicknesses: 30, 60 and 90 mm. Given the highly heterogeneous nature of the
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unbound materials to be tested, every measurement was taken three times, and an average absorption
and insulation profile were therefore identified.
2.3.1. Absorption Coefficient
With the purpose of assessing the absorption coefficient, firstly the environmental parameters
of the room such as atmospheric pressure, air temperature and relative humidity were measured.
Afterward, the calibration procedure for the microphones was performed. Consequently, the samples
were appropriately placed inside the sample holder. Eventually, the evaluation of the signal-to-noise
ratio was conducted while the transfer function calibration for the channels phase displacements was
evaluated. All the measurements were conducted by using the large tube configuration, i.e., with a
sample diameter of 100 mm and covering the range of frequencies between 50 and 1600 Hz, since for
practical reasons, mineralized sample with a diameter of about 30 mm couldn’t be produced.
Given that during acoustic measurements involving an impedance tube it is necessary to guarantee
a perfect perpendicularity between the planar sound wave and the outer surface of the sample, it should
be noted that, when testing U samples, the tube was mounted vertically to settle the granular biomass
materials (Figure 9).Energies 2016, 9, 619 10 of 19 
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2.3.2. Transmission Loss
The acoustic insulation properties of the samples were investigated by means of the two-load
method, which can be considered as an extension to four microphones of the previously presented
transfer function method. In this case, the sample is placed in the middle of the tube and the acoustic
field is measured both before and after the sample itself. For the evaluation of the transmission loss
the environmental settings were also firstly defined and the microphones were calibrated. Secondly,
two subsequent measurements were carried out, i.e., with an anechoic and a rigid termination of
the tube, in order to define the background noise calibration. Finally, signal measurements were
done, after the insertion of the sample, with again the anechoic and the empty end as before.
All the measurements to determine the transmission loss were carried out using the large tube
(sample diameter 100 mm) in order to cover the range of frequencies between 50 and 1600 Hz for all the
considered samples. Furthermore, for geometrical reasons, the unbound samples were analyzed with
a vertical configuration of the tube and were held by a specifically designed sample holder, constituted
by a plastic cylinder and a silicon grid (Figure 10).
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3. Results and Discussion
3.1. Thermal Analysis
Results from the thermal characterization of the different samples in terms of thermal diffusivity,
conductivity, and volumetric specific heat capacity are reported in Figure 11. As expected,
the U- and the M-samples present completely different thermal behavior, particularly evident when
both thermal conductivity and volumetric specific heat capacity are considered. The M-samples,
in fact, are always associated with higher volumetric specific heat capacity values, i.e., between
0.877 MJ/m3K ˘ 0.009 (M2 sample) and 1.653 ˘ 0.008 MJ/m3K (M4 sample), while the unbound
samples generally are associated to ρCp lower than 0.314 ˘ 0.007 MJ/m3K, with the only
exception of lignin (U0 sample), which is associated with a slightly higher ρCp value, i.e., about
0.733 ˘ 0.004 MJ/m3K. Looking more closely at the results, it is noteworthy that the mineralized
sample with the lowest grain size and the highest water content, i.e., M4 (<2 mm and 0.350 kg), is also
the one with the highest thermal inertia, followed, in order, by the M3, M1 and M2 specimens, i.e.,
those with a fixed water content (0.150 kg) and decreasing chip size (<20 mm, <4 mm and mixed <4,
<2, <1 mm).
The huge difference between the mineralized and the untied samples is also evident when
thermal conductivity is considered. The U-samples, in fact, are always associated with λ values
lower than 0.108 W/mK, while the M-samples λ values are always higher than 0.239 ˘ 0.005 W/mK.
Focusing on the unbound materials, on the other hand, it can be observed that the lignin-based
sample has the lowest thermal insulation capability, i.e., 0.108 ˘ 0.005 W/mK, while there is a
considerable reduction in thermal conductivity with increasing grain size distribution, i.e., from
0.077 ˘ 0.002 to 0.068 ˘ 0.005 W/mK.
Lastly, when thermal diffusivity is considered, M- and U-samples present more similar trends,
with values varying from 0.148 ˘ 0.010 to 0.397 ˘ 0.008 mm2/s. Samples with larger grain size, i.e.,
U30 and M2, always possess higher thermal diffusivity, i.e., 0.397 ˘ 0.003 and 0.281 ˘ 0.0004 mm2/s.
Additionally, the k value associated to the lignin sample can be compared to the those of the compact
mineralized samples, i.e., 0.148 ˘ 0.010 mm2/s vs. 0.149 ˘ 0.003, 0.202 ˘ 0.009 and 0.234 ˘ 0.010 for
M4, M3 and M1, respectively.
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3.2. Discussion over Thermal Results
Results from the thermal characterization of the different samples show that the mineralized
samples always present higher ρCp and λ values with respect to the unbound ones, due to their more
compact structure. Furthermore, significant differences can be identified between the volumetric
specific heat capacity values of the different M-samples, showing that the use of lower grain sizes
can produce an appreciable increase in terms of thermal inertia. The thermal conductivities of the
mineralized samples, on the other hand, present a relatively low mutual difference, which suggests a
lower impact of the grain size in this context.
Regarding the comparison among the λ values of the unbound materials, it can be observed that
the lignin-based sample has the lowest thermal insulation capability, while there is a considerable
reduction in thermal conductivity with increasing grain size distribution. In fact, this analysis
determines how the mechanical properties of the samples affect their performance and could be
effective in selection/optimization procedure. The best compact samples are the ones showing a
slightly higher thermal conductivity, for the lower air gap presence in the matter, also measured in
sample M2, produced with a wide mix of several grain sizes. In terms of volumetric specific heat as an
effective characteristic property of bio-based materials, an increase in particle size was observed to
decrease volumetric specific heat value due to the existence of large air voids.
Corresponding to the thermal conductivity assessment, the samples with larger grain size such
as the U30 and M2 samples characterized by large biomass grain size are considered as high thermal
diffusivity materials due to their bigger air gaps. Additionally, although there was no compaction
effort in the process of preparing the lignin sample, it could be compared to the compact mineralized
samples because of its very fine grain size. As illustrated in the previous graph, there is no consistent
trend in term of thermal diffusivity in different recipes of mineralized samples.
According to a comprehensive review of commercial and unconventional insulation materials
provided by Schiavoni et al. the unbound materials, except for the lignin-based sample, could be
categorized as of intermediate performance in terms of thermal conductivity [24]. The comparison of
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the achieved results with previous studies demonstrated that the range of the λ values of the unbound
materials are roughly lower compared to other products such as LECA, expanded vermiculite, cotton
(stalks), and date palm [16,24]. Hence, the findings verified that there is a considerable potential in
such wood residues to be used as sustainable brick or thermal insulation in sustainable construction
applications as they are already waste and unusable materials.
3.3. Acoustic Analysis
3.3.1. Absorption Coefficient
Results from the acoustic absorption properties of the investigated specimens reveal a very
promising behavior of the unbound samples (Figure 12) and an obviously decreased performance of the
mineralized ones (Figure 13). In particular, Figure 12 clearly shows that both the chip dimensions and
overall thickness of the analyzed samples affected the acoustic absorption behavior. More in details, the
U0 sample can be associated with the worst performance in terms of acoustic absorption. The reported
trend, in fact, is highly irregular and is associated to a very low average value (around 0.2) with higher
but sharp peaks at lower frequencies. Sample U30 also shows a scarce absorption performance, which
anyhow, increases with the thickness of the overall sample. Sample U1, on the other hand, is associated
with a more stable absorption behavior, with an average value between 0.5 and 0.6. Lastly, samples
U4 and U2 are associated to an interesting absorption trend, which for higher thicknesses reaches
interesting α values both at high and low frequencies, and an average of about 0.8 and 0.7, respectively.Energies 2016, 9, 619 13 of 19 
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As for the mineralized samples, M1 and M2 specimens are associated to similar absorption
performance, i.e., with an average α value of about 0.2, while M4 seems to possess a very poor
behavior, with α values generally lower than 0.1. Lastly, M3 sample is the best absorbing brick, being
associated to absorption coefficient values between 0.4 and 0.5.
3.3.2. Transmission Loss
Considering the acoustic insulation properties of the samples, as expected, the mineralization
procedure confers higher TL values to the M1–M4 samples with respect to most of the unbound
specimens, with the exception of U1 sample, i.e., the one produced using chips of 1 mm.
In general, as shown in Figure 14, the insulation trend is once again highly influenced by both the
grain size and the thickness of the U-type samples. Nevertheless, when U30 and U4 specimens, which
contain the coarser chips, are considered, even the highest thicknesses cannot ensure transmission
loss values higher than 5 and 15 dB, respectively. On the other hand, when the unbound samples
with smaller chip dimensions are considered, i.e., U2 and U1, the TL values are highly influenced by
the overall thickness of the sample. In particular, the 90 mm thick U1 specimen is associated to an
insulation performance comparable to that of the mineralized samples (Figure 15), i.e., with an average
value of about 30 dB.
For what concerns the mineralized samples, M2 and M3 bricks possess a very similar growing
insulation trend with an average value around 30 dB, while M4 is associated to the lower TL values.
Lastly, M1 sample shows an interesting TL trend, growing with frequency, and reaches the highest
transmission loss value at 1600 Hz, i.e., about 55 dB.
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3.4. Discussion of the Acoustic Performance
Generally speaking, the investigated samples show an interesting behavior both in terms of
absorption and insulation properties. In particular, the obtained results show that the unbound
materials, given their high porosity, can be considered as suitable candidates to produce acoustic
absorbing panels. As expected, increasing the thickness of the unbound substrates always produces
higher absorption values, especially at lower frequencies, except for the lignin sample U0, which
on the contrary doesn’t seem to be highly affected by such parameter. Furthermore, concerning
the grain size, the most promising dimensions to be used are those of the U4 and U2 samples,
characterized by 4 and 2 mm wood chips, respectively. These kind of chips, in fact, combine the huge
quantity of interconnected pores ensured by the use of small grains, with the high air percentage
in the medium, which on the other hand, is maximized when bigger chips are considered. Hence,
according to the overall evaluation of the acoustic properties, it is revealed that the unbound samples
with medium chip sizes have good sound absorption performance in the frequency range of 50 to
1600 Hz and the absorption coefficient values are approximately comparable to other common sound
absorption materials such as waste wool fibers [50]. As for the mineralized samples, because of their
manufacturing process such materials do not present a huge number of interconnected voids. For this
reason, even though a high percentage of driftwood residues is included inside these bricks, their
absorption properties cannot be considered as acceptable for an absorbing material. Nevertheless,
their use can be considered as a promising way to produce lightweight concretes from residues that
would otherwise be discarded in a landfill or burnt. Furthermore, some considerations can also be
made about the impact of the chip dimensions on the absorption properties of the mineralized samples.
The best performing M-type specimen, in fact is the one using the U30 unbound material, which clearly
is more suitable to be used as high-insulation aggregate for lightweight concretes. If the mineralization
process can be considered as a damaging factor for the absorption properties of the materials, when it
comes to acoustic insulation, it clearly is an advantage. The mineralized samples, in fact, are denser
than the unbound ones and are associated with interesting transmission loss values. It is anyhow very
interesting to point out that 90 mm thick samples with smaller chip dimensions show highly increased
insulation behaviors and reduced absorption ones. This is probably due to the higher compaction
grade produced by the combination of geometry and physical, i.e., weight, reasons. The findings are
in accordance with previous research demonstrating the effect of particle size distribution and degree
of compaction on the acoustic properties of the material [26].
Hence, from an acoustic point of view, it could be concluded that driftwood residues show
considerable potential in terms of sound insulation and absorption as an innovative and sustainable
material for more environmentally friendly building material development. However, still there is a
need to optimize and define the best performing mix design through using accurate grain sizes and
thicknesses for real scale application targets.
4. Conclusions
This research focused on the evaluation of the thermal and acoustic performance of stranded
driftwood residues to investigate the possibility of applying such biomass in the production of building
envelope materials with improved thermal and acoustic properties. In order to achieve this objective,
a broad experimental analysis involving thermal conductivity, thermal diffusivity, volumetric specific
heat capacity as well as absorption coefficient and transmission loss was conducted for both unbound
and mineralized samples.
Firstly, the unbound materials with different biomass chip sizes were analyzed to evaluate their
thermal behavior since they are considered for use as fillers for envelope gaps or internal gypsum-
based partition cavities, then the mineralized samples were also tested. From a thermal point of
view, the results demonstrated that the mineralization procedure causes a general decrease of thermal
conductivity and an increase of volumetric specific heat capacity with respect to the unbound materials.
Furthermore, the increase in the thermal inertia of the materials can be considered as a function of
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the grain size distribution, while the increase of thermal conductivity does not seem to be highly
related to such parameter. In general, however, the inner capability of the U-samples to act as proper
thermal insulators, i.e., λ values in the range 0.068–0.077 W/mK, also produced interesting thermal
insulation properties in the mineralized samples. As expected, the mineralized samples also present a
very promising volumetric specific heat capacity, i.e., from 0.9 to 1.7 MJ/m3K, together with interesting
thermal conductivity values, i.e., of the same order of magnitude as porous bricks. Additionally, the
mutual difference in terms of thermal conductivity observed in the mineralized samples showed that,
for thermal purposes, they could be indiscriminately chosen.
From an acoustical point of view, the unbound materials showed significant absorption
properties and can thus be considered suitable candidates to produce acoustic absorbing panels.
The mineralization procedure highly reduces the absorption coefficient value, since the manufacturing
process causes a general densification of the material and a consequent huge reduction of the number
of interconnected voids which can dissipate the acoustic waves inside the specimen. Mineralized
samples, on the other hand, can be considered as interesting sound insulation materials, given their
higher density and capability to reduce sound transmission through the building wall.
In conclusion, this work demonstrated the feasibility of using stranded driftwood residues
as components for the production of high thermal and acoustic performance building elements.
Furthermore, the investigation of the prepared mix designs identified the main characteristics that
should be associated to the biomass grain size and mineralization procedure in order to obtain suitable
thermal and acoustic properties.
As a future development of this work, a specifically designed optimization procedure could be
developed in order to produce building components characterized by: (i) high insulation properties;
or (ii) high acoustic absorbing performance starting from waste. In fact, such a widely available
natural material currently represents just a kind of waste to be removed from beaches, while it
could represent a sustainable and low-impact construction material given its good thermal-acoustic
properties. Therefore, it could be used as brick or thermal-acoustic insulation panel in low-carbon
construction projects, especially in new developing countries. Therefore, the further developments of
this study will be focused on the structural, life cycle and durability assessment of the new composite
bio-based material, which will be ready for the potential market, since it was shown to represent a
possible competitor of classic thermal and acoustic insulation materials for building envelope.
Moreover, future research could investigate additional properties of the proposed bio-based
product, i.e., structural and durability properties, by performing specific tests and measurement
campaigns on bigger samples.
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